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The energy consumed by the comminution equipment accounts for the main part of
the operating cost of thmineral processing plants. In order to conserve energy,
attempts were made to increase the efficiency of the conventional comminution
equipment. As a case study, in this research work, a process audit was carried out in
the comminution plant of the Ste@ikrjan Iron Ore Complex in order to find the lew
cost solutions to improve the product quality and decrease the maintenance and
operating costs. Three main steps of the audit were (1) studying the operating manuals
and checking the standard process pro@sju{2) process data analyzing, and (3)
proposing and implementing the proper solutions. Plant audit revealed a low
equipment efficiency. The main defects were the crusher operation in tHallhalf
condition, high pressure grinding roll (HPGR) operatiom inorstandard condition,
high amounts of rejected materials in the HPGR circuit, and low efficiency of the
screen. Following this, a series of modifications were made in the crushing and
grinding circuit. This consequently caused an increase of 9.3k& icrushing plant
throughput in the choked condition of the crushers as opposed to tHellhalf
condition. By increasing the HPGR operational pressure and the hopper level, BBWI
of the HPGR product in the supehioked condition was decreased from 1600.2
kWh/t to 14.9+ 0.25 kWh/t. By modifying the screen process, the circulating load
decreased from 79% to 59%, and the screen efficiency increased from 63.5% to 89.5%.

1- Introduction

Comminution isusually carried out in order to
liberate valuable minerals from the gangue, make
the freshly mined material easier to handisd in
the case ofthe quarry productsto producea
material of controlled particle siz§l].
crushersreduce therun-of-mine (ROM) patrticle
sizein orderto prepare an appropriate feed the
grinding circuit until the valuable minerak and

stage is to pass the material finer than the desired
top size to the next stage and rettine material
coarser thanthe top size to the previous size
reduction step for further size reductidn 2].

The energy consumed bthe comminution
equipment accounts for the main part of the
operating cost of the mineral processing fdaint
order toconserve energy, attempts have been made

The

gangue are produced dbe separate particles.
Conventional grindings carried outin tumbling
mills such as rod, balhnd SAG millsIn therecent
years,anew comminution device that is somewhat
intermediate between fine crushing and coarse
grinding is the high pressure grindingolls
(HPGRs) [1]. The role of classification at each
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to increasethe efficiency of the conventional
comminutionequipmen{3-6].

Performance othe cone crusherdias adirect
effect on the performance dhe downstream
processesand optimization of the cone crushers
has received considerable attentid®, 7-11]. The
main method used for increasing the circuit
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throughput isto maintain the power utilization of
the crushersat the highest possible valjé].
Achieving the maximum efficiency of a cone
crusher directly depends on the type of feeding
arrangement (i.e. choke fed or trickle f¢8i) 11].
As a result of operatindpé crusher ithechoke fed
condition, not only a more uniform product is
produced but also the life dhe crusher parts
increasesthat is due toan even distribution of
pressure and promotion ofhe inter-particle
interactiong12-14].

The evolution of comminution fromthe
conventional threstage crushing and screening to
hybrid comminution circuits or HPGRased
operations caused to increase the complexithef
comminution circuits[15, 16]. Among all the
comminutiondevices HPGR isincreasinglyused
asafinal crushng or primarygrindingstagedue to
thelow operating costdpw energy consumption,
andhigh energy efficiency17-20].

The operatingparameters inHPGR are also
different incomparisorio theother tumbling mills.
Its main parameters are hydraulic pressure, roller
speedand level of the material inside the hopper
(hopper level]21, 22].

An appropriateondition oftheHPGR product is
a compacted cakéhat requiresto use the de
agglomerabn equipment before or durig
screeningn orderto separate thgroductparticles.
Different screeninglevicesare usuallyappliedto
classifytheHPGR producf23-25].

The circulatingoad and classification efficiency
have amainimpact on the closed HPGR circuits
performancg26, 27]. Pamparana and Kle{(2021)
have developed a novel gaplibrated
methodology and modelg methodin orderto
predict the energyconsumptionand the size
reduction capabilities for an HPGRS]. In the
recent years, the discretéeement methogDEM)
has been increasingly used for the HPGR
simulation [29-31]. Barrios and Tavares (2016),
havedisplayedan appropriateagreement between
the DEM modelingand the power modelresults
[32]. The effect of the roll studonditionon the
HPGR throughputwas investigated bythe DEM
simulation [33]. Cleary and Sinnott througthe
DEM methodhave demonstratedhat only small
changes in the confining cheek plate locations are
requiredto allow a significant axial bypassa
strong axial variation of discharge mdlssv rate
and a coarser produd4].

In addition, onscious laboratory (CL) has been
recently developedas a new conceptWell-
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structuredCL investigationsand modelsof the
HPGR operational parameters and thpnoducts
using the explainableartificial intelligence (EAI)
systems and based on the datadeise been
recorded in the industrial scale5]3 However,
extensive investigati@aresstill required in order
to increasethe HPGR efficiency and overall
performanceand no specific studlyas deat with
the effect ofthe classification efficiency orthe
industrial HPGR circuit.

This researchwork investigatesvarious faults
and challengesin the design and operating
conditions that have a major impact on the process
performance. Therocessauditin the case study
plant used to find the design and operatfaglts
and proposéhe appropriate solutions in order to
increaseghe comminution circuiperformance. All
the required modifications thatda major effect
on the processvere done with minimum capital
costs.

2. Iron ore crushing and pre-grinding plant of

SteelSirjan Iron Ore Complex

The SteelSirjan Iron Ore Compleis located in
the southeast IranFigure 1 showsa process
flowsheet ofits crushing plant Three stages of
crushingwere considered to provide the proper
feed for the concentrationplant. Jaw crusher,
standard head cone crusfend short head cone
crushes wereusedasthe primary, secondaryand
tertiary crusher urst respectively In the
concentratiorplant, a HPGRn closel circuit with
a wet vibrating screewasusedasthepre-grinding
circuit. The final product ofthe HPGR circuit
(screen underflow)was fed to a ball mill-
hydrocyclones circuit.

As shown in Figure 1, a grizzly screen was used
to remove (fed to ne section) the material under
150 mm before feeding to the primary crusher. A
standard cone crusher as the secondary crusher was
used after the primary dry double screen to crush
the material coarser than 30 mm. Then a short head
cone crusher as the tany crusher was operated in
a close circuit with the secondary dry double screen
to crush the material larger than 30 mm. The final
product of the crushing circuit is the materials finer
than 30mm insize The technical specifications of
the crushers are presentedEnror! Reference
source not found.



Zareet al

937t/h
Fe: 53%
S: 1.8%

-1000 mm

Journal of Mining & EnvironmenVal. 12, No. 4, 20z

463 t/hh

materiallground bin

+150mm I l duglglrzéjn%k
. jaw crusher S0mm
5 420 th o) *30mm
' bin & bin
8 : K
Sy g standard hea ~ 3 g
[ cone crusher 131t/] EN i short head
937¢h 037t/h 269 t/h cone crusher
‘material bin
stock pile with 4 outlet
R M
806 th doublp deck

937th

504 t/h

Figure 1. Iron ore crushing plant of SteetSirjan Iron Ore Complex.

Table 1. Crusher technical specificationsof comminution circuit.

Primary crusher Secondarycrusher Tertiary crusher
Crusher type Jawcrusher Standarcconecrusher Shortheadconecrusher

Throughput (t/h) 433 689 477

Feedsize (mm) <1000 <250 3263

Product size (mm) <250 <63 <32
Product Pgy (mm) Approx. 175 48 20
Closedside sc(ert_rt:rm(‘);; CSE setting 150 45 18
Maximum power darw (kW) 160 315 315

The HPGR mill operates in theoncentration
plants as gregrinding stagen orderto provide
the desired feed for the downstreasincuit. The
technical data of HPGRs presented irError!
Reference source not found.This HPGRis used
in the closal circuit with a wet doubleleck
vibrating screen.

The double deck vibrating screen is used in the
HPGR circuit. The technical data of this screen is

Table 2. Technical data of installed HPGR

Throughput capacity 900 t/h
Maximumoperating pressure  230bars
Roll spee! 9-23 rpn
Feedmoisture " 5%
Drive rating 2 x 1000 kw
Max feed size F100 30 mm
Specificpressing forc 4 N/mn?
Roll diameter 15m
Roll width 11lm

3. Materials and Methods

Plant audit was selected as a monitoring method
in orderto standardize the whoteushingand pre
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shown inTablel. Three products of this screen are
(1) particles finer than the second deck’s aperture
size that are transferred into the classification
circuit, (2) middle size particlgfiner than the first
deck’s aperture size and coarser than the second
deck’ apertre size)that are returned to HPGR for
re-grinding, (3) particles coarser than the first
deck’s aperture size that aggregated and then
eliminated from the process.

Table 1. Technical data ofwet double-deck
vibrating screen

Throughput capacity (t/h) 900 t/h
Aperturesize upper deck l;brpnnr:] _71:2\\',\/\/5
Aperturesize: down dec! 6 mmr
Screerlengtt 9m
Screerwidth 25m
Inclination Dual Slog, 25/15

deg.

grinding process plant First, the operating
manuals was studied. Then the standard process
procedures were checked. In the prodbssdata

was analyzed. Finallyhe proper solutions were



Zareet al

proposed and implemented. The plant
troubleshootingevealed the low efficiency d¢he
comminution equipment. The mairoubles were
as follow all the crushers operatl in a half-full
condition, HPGR operat in a nonstandard
conditionthat resultedn a high amount of reject
materials inthe HPGR circuit and the screen
operated iralow efficiencymode

Trials with the half-full and supeichoked
conditionsof the secondary and tertiary crushers
were conducted. Botthe bin level andhe power
drawweremaintained stable during the trials. For
the halffull and thesuperchoked conditionsthe

speed of the secondary crushers feeders was set at

50% and 95%and forthetertiary crushers was set
at 50% and 75% for the hdiill and superchoked
condition, respectivelyThe conveyorbelt scales
were calibrated before the trail orderto ensue

the accuracy of the measurements as well.
Sampling for each trial was conducted after 30 min
of the operationin orderto ensureghe stability of

the process. For each trial, the power draw and
throughput were measured. During the trial, the
material leel was controlled by adjusting the
feeder speedand monitored directly using a level
sensorA view of the HPGR hopper level can be
seen in Figure 2.

In order toincrease the HPGR comminution
efficiency, the operational pressure atte:hopper
level were modified and thereduction ratio was
compared before and aftéhe modification. In
order to investigate the hardness (grindability)
comparison of the choked condition product and
half-full (25% of hopper level) condition, the
standard BBWI (Bond Bamill Work Index) was
conducted for the product of both operating modes.

Due to the importance of wet screening in the
circulating load, the aperture sizes dhe screen
upper deckverechangedn this stratification unit.
The screening evaluation indesas efficient The
screeningefficiencywascalculatedisingEquation
2-1.

. (EFDWEFQ(LFD
" (CEDEKFFO(LFE

f, o, and u are thenass fraction ofhe material
finer than the aperture sizefeed, coarse prodyct
and fine product, respectivey].

)
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Figure 2. A view of HPGR and its hopper level.

4. Results anddiscussion
4.1.Crusher circuit

Three crushing stageswere consideredn the
crushingcircuit. Based on the design data, the feed
rates of the primary, secondary and tertiary
crusherswvere433 689, and477 t/h, respectively
andthepower draws of crushers were 16315and
315 kW, respectivelyProcess @dit of primary
(Closed Side Setting;CS= 185 mm),secondary
(CSS = 58 mm) and tertiary(CSS = 28 mm)
crusheran 4 monthsshowed thathe averagdeed
rates were368, 510 and405t/h, respectivelyand
thar averagepower draw werd 15 102 and127
kW, respectively. The investigation resuls
revealedthat the crushers operated arhalf-full
condition Thereasonablsolutiors wereadjusting
the crusherslose side sittingCSS)and increaisg
the feed rate to makehe choke fedoperating
condition.

Two trails atthe half-full and superchoked
conditiors were conductedlhe effectof chamber
filling on the size distribution ofthe crusher
product are shown in Figis8 and4 andTable4.
The resultsobtainedindicated thatthe operating
crushers in theuperchoked condition reduddPs,
of the final (ground bin feed) secondary and
tertiary product by15.2%, 17.5% and 16.5%
respectively comparedwith that of the halfull
mode.
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€))

(b)
Figure 3. Product view of secondary crusher in halffull (a) and choke fedoperating (b) conditions.

Figure 4. Product view oftertiary crusher in half -full (a) and choke fed operating (b)conditions.

Table 4. Comparison of Ry (mm) of crusher product for half -full and super-choked conditions

. Secondarycrusher Tertiary crusher .
Condition product product Final product
Half-full 77.3C 35.37 32.17
Superchoked 63.71 29.53 27.21

The key performance indicators includinthe
throughput, power draw, specific energycJE
amount of-32 mm productgeneratedand size
specific energy at 32 mm are presented in Table
When operating the crushers soperchoked as
opposed to halfull, 9.3% increase in the plant
throughputand the size specific energy-82 mm
decreased by5.8%. Choked feeding of a cone
crusher promotes intgrarticle breakage and
consequentlylead to improved energy utilization

and production of finethatconsequently results in
thecrusher throughpunhcreasingat a higher power
draw. Analyzing the key penfmance indicators
showed thathe operating secondary and tertiary
crushers irsuperchoked compared witthe half

full condition enhanced the energy efficiencyraf
cone crushers. The improvement in energy
efficiency could translate ta more capacitya
finer product andaless production cost.

Table 5. Performance indicators forall crushers with half-full and super-choked conditions

Condition Throughpu  Power draw Specific power, Amount of final Size specific energ
t (h) (KW) Ecs (KWh/t) product, -32mm (t/h) SSE-32mm (KW/t)
Half-full 846 344 0.41 678 0.51
Superchoked 897 379 0.42 872 0.43
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4.2.HPGR circuit

Beforethe modifications HPGR was operating
in anonstandard operational conditidn.order to
increase the HPGR comminutiaificiency, the
operational pressure andhe hopper level were
modified. Inthe first step,the pressure anthe
hopper level werencreased from 12Barand 256
to 160 bar and 534, respectivelyAfterwards,the
other operational parameter condisorwere
changed after the pressure and hopper level
modifications(Table6). Changing the perational

Journal of Mining & EnvironmenVal. 12, No. 4, 20z

pressure andhopper level causethcreasein the
reduction ratio from 1.8 to 2.Z4he operatioiin the
choked conditiorfmore than 50% of hopper level)
increased the interparticle breakage which
promoted th@ropagation of cracks theparticles.
Notethat the hardness (grindability) of the product
of the choked conditiordiffered compared to that
of the product ofthehalf-full (25%of hopperevel)
condition. A snapshot view othe HPGR belt
product in the operational presssioé 120barand
160bar is shown in Figure 5.

Figure 5. HPGR belt product in the operational pressures of 120bar and 160bar.

The ideal mode ofthe HPGR product is a
compacted cake or flakeAs the figure shows
changing the operational pressure causiee
production ofthe proper product.in order to
investigatethis comparison,the standard BBWI
(Bond Ball Mill Work Index)was conducted for
the product of both operating modes. Tneduct
BBW!I of the choked condition wasbtainedio be
14.9+ 0.25 kWh/t as opposed to the BBWI @4

0.20 kwWh/t for the halffull condition. This
difference translates ta 7% reduction inthe
particlegrindability. In addition thebulk densities
of flake relative tahereal density in 20 barand
160 bar are 2% and 849% respectively. This
highlights the efficiency improvement ofthe
HPGR circuit. A summary of the modification
results intheHPGR circuitds provided inTable6.

Table 6. Average operational data of HPGRoefore and afteroperating modifications.

Before modifications

After modifications

Freshfeed(t/h) 393
Throughput (t/h) 699
Operationapressurgbar) 120
Roll speedRPM) 11.6
Hopper level (%) 25

Power draw (kW) 280
Reduction ratidcRR80 1.8

465
738
160
123
55
325
2.4

5. Wet double screerunit

The wet screeraudits showedhat the aperture
sizes ofthefirst (7 rows) and second paftl row)
of the upper deckwere 14 mm and 30 mm,
respectively.One of the most important factors
involvedin thescreerperformance is thepen area

thatis the ratio of the nediperturesrea to theotal
area of the screening surfat¥ith the fineness of
the screen apertyrehe @@en area generally
decrease$l]. The screenupper deckworks as a
bumperor ascalperin orderto prevent the scraps
to HPGR. The use of panels with the 14 mm
aperture sizén the upper deck causeeduction of
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the screen open area. Consequently the fine
particlesdid nat haveenoughtime to pass through
the upper deckand thus causethat the whole
screening area dhelower deckwasnot used for
stratification and some particles finer than the
lower deckaperturesize (6 mm)wererecycled to
HPGR.Due tothis, theHPGR circulating load and
the rejected materialsincreased andhe screen
productrate decreased. The aperture siz2 aiws
of lower deck was increasdéicbm 6 mmto 8 mm
This changereducedthe circulating loadwhile

Journal of Mining & EnvironmenVol. 12, No. 4, 20z

caused théransportation otoarse particlet the
screen underflowincreasedhe wear rate of pipe
lines and pump linerdy 7%, andincreasedhe
particle size ohydrocyclonesoverflow. All of the
mentionedssueseducel thescreening efficiency.
In order toimprove the screen efficiency and
decreasé¢he rejected particlest ican beproposed
to increase the aperture sizdétlugupper deck from
14 mm to 30 mn{Figure6). A comparison othe
screening operation before and aftehe
modifications is shown in Tablé

Figure 6. Wet double screen beforda) and after (b) modifications.

Table 7. Average operational data of screening before and after operating condition modifications

Stream

Current operational data

Before modifications

After modifications

Aperture sizeof upper deck

14 mm (7 rows
30 mm (1row)

14 mm (2 rows
30 mm (6 row)

Aperture sizeof down deck (mm)

8 mm (2 rows
6 mm (6 rows)

6 mm (8 rows)

Feed (t/h)

Underflow (t/h)

Recycle (t/h)

-6 mmin recycle (%)

Material thickneson end odown
deck (mm)

Reject to fresh feed (%)
Circulatingload (%)

Screen efficiency (%)

699 738
387 463
306 273
46 20
47 33
~1.6 ~0.5
79 59
63.5 89.5

As the result indicated the feed and underflow
rate increased fro®99 and 387 t/h to 738 and 463
t/h, respectively. The amounttbiedesired product
(-6 mm materig) andthe material thickness othe
second deck decreased from 46% andwii to
20% and 33mm, respectively. Therefareby
modification the circulating lod decreased from
7% to 59% andthe screen efficiency increased
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from 63.8%0t0 89.5%.n addition, the dowsstream
results indicated a reduction of the ball
consumption from 565g/ton to 535 g/ton.A
snapshot othe recycled material before and after
the modifications is shown in Figuré. Figure8
shows the spill situation frorie upper deck and
material flow on the second deck.
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(b)

Figure 7. Recycledmaterial of screen before (a) and after (bjnodifications.

@

(b)

Figure 8. Material spill on seconddeck before (a) and after (b)modifications.

Note that these improvementsddnot incur
additional costsand could only be achieved by
changing the process directidmplementingthe
plant audit and process standaadiian not only
reducel the operating costs(such as ball
consumptionput also increasktherevenue from
theconcentratsales

Since the throughput increaseis also
accompanied by a reduction time operating cost
which means that theircuit productionbecomes
closer to the desired valube improvement in the

1072

efficiency of the process is motban what is
estimated here. Implementing these simple
modifications could increasethe concentrate
production at least 2 t/h and redue the ball
consumptiorby 30 g/t In order todemonstrate the
economic benefitef the projectonly reduction in
the ball consumptiorthat savel $60,000 per year
and cost of plant audit implementation were
considered. The economic calculation for
obtainingtheproject NPV is shown in Table 8.
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Table 7. Economic calculation for obtaining project NPV.

rd cost 0.07 rd benefit 0.12
Year 0 1 2 3
Min possible 45000
Cost Most expected 40000
Max possible 55000
Min possible 55000 60500
Saving Mostexpected 60000 66000 72600
Max possible 70000 77000 84700
Min possible 45000
PV cost Most expected 40000
Max possible 55000
Min possible 43845.66 43062.70
PV saving Mostexpected 53571.43 52614.80 51675.25
Max possible 62500.00 61383.93 60287.79
Min possible -45000.00 62500.00 61383.93 60287.79
PV project Mostexpected -40000.00 53571.43 52614.80 51675.25
Max possible -55000.00 0.00 43845.66 43062.70
Min possible 139171.72
NPV project Mostexpected 117861.47
Max possible 31908.37

(NPV: Net Present Valueydeosi discount rate of costrdweneric discount rate of benefit)

As indicated in Table, theeconomic advantage
of this project is significaptand by applying
simple, low-cost and wise routesa highly
economic leveragds achievable. This ighe
method that can be used tme other plants.

6. Conclusions

In this researchwork, in orderto increase the
comminution circuit efficiencythe process audit
and some low-cost modification raites were
presented and implemented atthe iron ore
crushing and prgrinding plant othe SteelSirjan
Iron Ore ComplexTo do this, the plant operating

manuals and standard process procedures were

studied, the main process datas analyzed and
the proper solutions were proposed and
implemented The main defectobservedvereas
follow: the crusher operation irthe halffull
condition,theHPGR operatioim thenonstandard
condition, high amounts tfierejected materials in
the HPGR circuit and a low efficiency of the
screen.Based onthe data analyzed a series of
modifications were implemented inthe crushing
and grinding circuit.

X It wasshownthesuperchoked condition ahe
crushergeducedPy, of the finalproductand the size
specific energy at32 mmby 15.2%and 15.6%
comparedto the half-full mode Also the crushing
plant throughputvas increasedy 9.3%.

1073

X By increasing the HPGR operationakessure
(120 barto 160 bar)andthe hopper level(25% to

55%), the particle grindabilitymeasured as BBWI
wasdecreasebtly 7%. In addition the reduction ratio
increased from 1.8 to 2.4.

X By increasing the aperture size tbie upper

deck from 14 mm to 30mm (useful area)the

circulating load decreased from%%o 59% andthe

screen efficiency increased from 6% %0 89.5%.

Also the amount othe rejeced materialslecreased
from 1.8%to 0.5%.

X Anincrease of at least 20 t/htime concentrate
production ad a reduction of 30 g/t irthe ball

consumption were achieved by implementitg

proper madification.
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